Abstract. High frequency (>230 GHz) megawatt-class gyrotrons are planned as RF sources for electron cyclotron resonance heating and current drive (ECRH&CD) in DEMOnstration fusion power plants (DEMOs). In this paper, for the first time, a feasibility study of a 236 GHz DEMO gyrotron is presented by considering all relevant design goals and the possible technical limitations. A mode-selection procedure is proposed in order to satisfy the multi-frequency and frequency-step tunability requirements. An effective systematic design approach for the optimal design of a gradually tapered cavity is presented. The RF-behavior of the proposed cavity is verified rigorously, supporting 920 kW of stable output power with an interaction efficiency of 36 % including the considerations of realistic beam parameters.
Introduction
Gyrotrons are the most prominent sources of millimeter, sub-millimeter and terahertz waves with a very high power ranging from several kW to well above 1 MW. In plasma experiments relevant to magnetically confined fusion research, gyrotrons are used as efficient, high-frequency (100 -300 GHz) RF sources for Electron Cyclotron Resonance Heating and Current Drive (ECRH&CD) [1] . High-power microwave beams are also a means to mitigate instabilities in magnetically confined plasmas. Presently, in the Wendelstein 7-X (W7-X) stellarator facility in Greifswald (Germany), ten gyrotrons, each emitting 1 MW CW (1800s) at 140 GHz, are successfully installed to deliver sufficient ECRH power for steady-state plasma operation, in addition to Ion Cyclotron Resonance Heating (ICRH) and Neutral Beam Injection (NBI) heating [2] . For ECRH&CD applications in the ITER tokamak in Cadarache (France), 24 MW of long-pulse (~3600 s) RF power at 170 GHz is needed, which is planned to be generated from 24 1 MW gyrotrons [3] [4] [5] [6] [7] . After successful operation of ITER, it is proposed to build a DEMOnstration power plant (DEMO), which will be the first prototype of commercial fusion power plants. ECRH&CD by gyrotrons is currently considered to be a mature auxiliary heating system for DEMO [8] .
As per the European Union 2012 DEMO baseline (tokamak aspect ratio = 4.0), the detailed design goals for a DEMO gyrotron together with today's technological constraints are listed in Table 1 . (As will be discussed later on, the possibility of multi-frequency operation in steps of [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] GHz makes this table relevant also for the recently updated EU 2015 DEMO baseline with tokamak aspect ratio = 3.1). To achieve a high energy gain in the fusion power plant, a total gyrotron efficiency of more than 60 % is desired, e. g. with the help of a multi-stage depressed collector. This requirement also suggests a minimum interaction efficiency of 35 %. To reduce the total number of tubes required for sufficient ECRH&CD power, RF output power per gyrotron shall be as high as reasonably possible. The expected output power per gyrotron is around 1 MW in the case of a hollow-cavity gyrotron, which is the focus of this work, whereas it might be increased to around 2 MW in case of more complex, coaxial-cavity gyrotrons, according to feasibility analyses undertaken at the Karlsruhe Institute of Technology (KIT) [9] . It is beneficial to use the same gyrotron as a multi-purpose tube in a fusion facility, with respect to the various operational stages, which require different microwave frequencies (e. g. plasma start-up, non-inductive current drive, and bulk heating). Furthermore, the same operational stage in facilities with different torus aspect ratios would require different microwave frequencies, as indicated in [10] [11] [12] . It is understood that the above mentioned requirements can be fulfilled by a proper "multi-frequency" gyrotron design. It should be noted that such a design is possible using the usual single-disk CVD windows and quasi-optical output couplers. In addition to multi-purpose capability, frequency-step tunability in steps of 2 -3 GHz is necessary for plasma stabilization using fixed ECCD launchers in the fusion plasma vessel. Emitter radius ~ 50 -70 mm At KIT, various new approaches and concepts which can contribute to fulfill the technical requirements for DEMO gyrotrons are under study, such as a multi-stage depressed collector (MSDC) design for higher efficiency [13] , an advanced magnetron injection gun (MIG) design to generate optimum electron beam for high frequency operations [14] , an improved quasi-optical launcher design for higher Gaussian content of the output beam [15] [16] , etc. The construction of a sophisticated test stand for advanced gyrotrons, called FULGOR (Fusion Long Pulse Gyrotron Laboratory), is also ongoing at KIT [17] .
In this work, a possible hollow cavity, high-power 236 GHz DEMO gyrotron is investigated with the consideration of the mentioned specifications and technical limitations. The rest of the paper is structured as follows: In section 2, the main factors for the mode selection of the DEMO gyrotron are discussed along with finalized mode series concerning multi-frequency, multi-purpose operation and frequency-step tunability. Based on that, our systematic cavity design approach is presented in Section 3. The RF behavior and mode stability of the finalized cavity are discussed in Section 4. This work is concluded in Section 5.
Mode selection for the multi-purpose, frequency-step tunable DEMO gyrotron
In accordance with the statements above, our main considerations for mode selection of the DEMO gyrotron are: peak ohmic loading on the cavity wall, mode competition, multi-frequency operation for multi-purpose applications and frequency-step tunability. In this section, each of these aspects are discussed in detail.
Limitations of cavity wall loading and mode competition
The cavity wall loading scales with
, where f is the operating frequency of the gyrotron, χ mp is the p th root of the derivative of the Bessel function J m (x), (this is is the eigenvalue of the operating mode TE m,p , where m and p is the azimuthal and the radial index of the mode, respectively), and ⁄ is the relative caustic radius of the mode [10] . Due to this condition, maintaining the wall loading below the acceptable limit at high operating frequency (>200 GHz) is only possible when modes with high eigenvalues and/or small caustic radii are used, that is, asymmetric, high-order volume modes (m >> 1, p > 2) with relative caustic radius less than 0.5. As compared to the "whispering gallery" TE m,p modes (with m >> p), these modes suffer less from high wall loading. Since gyrotrons operate with transversal electric modes close to cutoff, the cavity (interaction section) radius can be estimated using the formula for cutoff frequencies in circular waveguides:
Here, c is the speed of light. As will be derived below, the corresponding eigenvalue of the selected mode should be larger than 95 to fulfill the requirements in Table 1 .
As the mode eigenvalue increases, the mode spectrum becomes denser. In the case of operating modes with very high eigenvalue, it becomes increasingly difficult to excite desired operating mode during start-up due to the competing modes. However, these dense mode spectra are nearly identical for nearby modes. As an example, in Figure 1 , the coupling factor, as defined in [18] , of an ideal electron beam to modes around TE -43, 15 and TE -44,15 is shown. (In this work, the modes co-rotating with the beam electrons are represented with a negative sign, while counter-rotating modes are presented with a positive sign.) Both mode spectra are nearly identical in the region of interest, which makes the selection of one particular high-order mode from a suitable area in the m-p plane less relevant than in the case of lower-order modes. This has already been acknowledged in [19] . This particular feature prompts mode selection according to additional criteria like multi-frequency operation and frequency tunability, which is restricted by the RF window design and the design of the quasi-optical launcher. This is presented in the next section.
(a) (b) Figure 1 . Mode spectra around the cavity operating mode (a) TE 43,15 (eigenvalue 103.21) and (b) TE 44, 15 (eigenvalue = 104.46) at 236 GHz and for cavity radius 20.88 mm and 21.14 mm, respectively. Within the range of -5 % to +10 % of the center frequency of 236 GHz, all neighboring modes with relative coupling factor higher than 35% are plotted.
Mode selection considering multi-frequency, multi-purpose operation
As discussed in Section 1, multi-frequency operation of gyrotrons is desired for multi-purpose applications. To support this, the selected operating frequencies must correspond to the reflection minima of a single disk window, according to Here, d is the window thickness and N is an integer. The minimum and maximum disk thickness can be determined by considering mechanical stability and cost. The typical disk thickness of CVD-diamond windows ( is between 1.50 mm to 2.25 mm, which corresponds to a basic frequency of 42 GHz and 28 GHz, respectively. The RF window with disk thickness of 1.861 mm is considered for this analysis. The reflection and transmission coefficient plots of this window are shown in Figure 2 . The transmission bands of this window are at frequencies around 104 / 137 / 170 / 203 / 236 / 269 and 304 GHz which support multi-frequency operation at these frequencies. The modes for multi-frequency operation must have the same relative caustic radius in order to use the same quasi-optical launcher design (i.e. launcher radius, launcher cut length, and Brillouin angle) at different frequencies. Based on this study, the selected operating frequencies and their corresponding applications for different aspect ratios of DEMO [11] [12] are listed in Table 2 along with the selected modes for the multi-frequency operation. Initially, the operating modes for 170 GHz and 203 GHz were suggested and successfully tested by the JAEA gyrotron team [20] . We have extended this mode series for the higher frequencies and suggest suitable modes for 236 GHz and 269 GHz. The relative caustic radii of all modes are nearly the same with only a small deviation of 0.08 % from the average value. Consequently, the suggested mode series has a high rating in the scheme discussed in [19] . 
Modes for frequency-step tunability
A Brewster-angle window has a significantly broad transmission bandwidth and its use is essential to achieve frequency-step tunability. The design and development of Brewster windows is ongoing for high-power, long-pulse gyrotrons [21] ; however, otherwise tunable window systems could also be used for step-tuning. The proposed mode series for frequency-step tunability is shown in Table 3 . These suitable modes around 236 GHz and over a 20 GHz bandwidth with steps of 2-3 GHz have a maximum relative caustic radius deviation of 3.5 % from the average value. All modes have the same rotation since they will all use the same quasi-optical system. The detailed mode selection approach and stepfrequency tunability of a 236 GHz DEMO gyrotron has been discussed in [22] . With a proper superconducting magnet design, it should be possible to achieve both multi-frequency operation and fast frequency-step tunability for a given tube. 
Systematic cavity design approach
In this Section, a systematic hollow cavity design approach towards a 236 GHz gyrotron is discussed in details. However, this design approach is general and can be applicable to any hollow cavity design, independent to selected operating mode and frequency.
The cavity is the key component of a gyrotron in which its helical electron beam interacts with and transfers a part of its kinetic energy to a TE wave. The geometry of the optimized conventional cavity is shown in Figure 3 . It is a cylindrical-symmetric structure with a straight midsection, a down-taper section and an up-taper section. To reduce unwanted mode conversions due to abrupt discontinuities, adjacent sections are connected via parabolic smoothing. The radius of the straight section can be estimated using Equation 1, which implies operation close to the cutoff frequency with the desired TE mode. All the other physical parameters have to be optimized to obtain an appropriate field profile with the required value of the quality factor Q.
The calculated cavity radius for the TE 43,15 mode at 236 GHz is 20.88 mm and the electron beam radius for maximum coupling is 9.06 mm. As per the current technological possibilities, a maximum wall loading of 2 kW/cm 2 has been considered for the cavity design. The midsection length L 2 is a major factor of the cavity performance. Our parametric analysis of L 2 is presented in Figure 4 . For various lengths, the cavity performance is determined with the help of the self-consistent code SELFC in the inhouse CAVITY package [23] . At the beginning, all the other geometry parameters were estimated from previous experiences of the cavity design for the W-7X (140 GHz) and ITER (170 GHz) gyrotrons. The initially selected values of these parameters were:
Given these values, the gyrotron operating parameters (e.g. magnetic field, beam current, beam energy) were optimized for each L 2 (see Table 4 ). A reasonable value of α = 1.25 was assumed for the pitch factor (ratio of transverse to axial electron velocity). Here, It is clear from the results that the interaction efficiency of the gyrotron increases monotonically with the mid-section length: The diffractive quality factor of the cavity increases with the cavity length, which supports the increase in the interaction efficiency. The ohmic wall-loading of the cavity can be calculated using [24] :
Where is the ohmic quality factor of cavity, is the cavity wall area and √ ⁄ is the skin depth. Here, we used the typical value of effective conductivity S/m (to be compared to the value σ Cu,0 = S/m for ideal copper at room temperature) to account for the expected conductivity reduction due to surface roughness and high operating temperature. The Ohmic wall loading increases with the cavity length due to increase in quality factor. This explains why, to keep the wall loading constant, it is necessary to reduce the input power, which consequently reduces the output power. The self-consistent time-dependent analysis using the CAVITY package with the consideration of main competing modes suggests a mid-section length of less than 13 mm, since with mid-section lengths of more than 13 mm, mode competition becomes crucial and it is very difficult to excite the main operating mode during diode start-up. After this investigation, L 2 = 12 mm was selected for further analysis, which is a good compromise between the demands for high output power, high efficiency and acceptable mode competition.
As a next step, the influence of the input and output angles on the gyrotron performance was analyzed. For L 2 = 12 mm and corresponding operating parameters, output power, efficiency and wall-loading are plotted in Figure 5 , as a function of input and output angles. The result shows that with an output angle of 2.0º, instead of 2.5º, the output power can be increased from 811 kW to 824 kW with higher efficiency. The optimum point, achieving the maximum power and efficiency at wall loading < 2 kW/cm 2 , is shown on the contour plots of Figure 5 .
Lengths and smoothing regions of the input and output sections were studied with the scattering matrix codes from the CAVITY package, which calculate transmission and reflection coefficients of the possible modes. The input-taper section is designed such that the cutoff frequency of the input taper section is higher than the operating frequency (cf. The finalized cavity parameters are listed in Table 5 , and the geometry with the longitudinal field profile has already been shown in Figure 3 . The ohmic quality factor ( ) and the diffractive quality factor ( ) of the final cavity design is 62937 and 1443, respectively.The steps of the proposed systematic cavity design approach are summarized in Table 6 . Table 6 : Steps of the systematic cavity design approach.
Performance impact of deviations from the selected geometrical parameters
To study the influence of each geometrical parameter on the cavity performance and to further verify the chosen geometry of Table 5 , the output power and efficiency were calculated for parameters different from the chosen ones. Only one parameter was varied at a time. Such a study also gives information on the acceptable manufacturing tolerances. In this way, it was verified that the selected geometry is actually optimum, despite the fact that, during the design approach, the geometry parameters were fixed sequentially (i.e.one after the other), rather than simultaneously. The performance variation is shown in Table 7 . Here, the definition of the percentage variation p of quantity X (output power P or efficiency η)
Step 2: Estimate initial geometrical cavity parameters (L 1 , L 2 , L 3 , θ 1 , θ 2 , D 1 , D 2 ) from the design goals, technical limitations, cold cavity profile and previous cavity design experiences.
Step 3: Simulate gyrotron interaction with various mid-section lengths L 2 , keeping all other physical parameters fixed, and find the optimum value (e.g. Figure 4 and Table 4 ). The operating parameters (beam voltage, beam current, magnetic field, etc.) must be optimized for each particular L 2 .
Step 4: Optimize input and output angles θ 1 , θ 2 with regards to power and efficiency using the optimized mid-section length from step 3 and corresponding operating parameters (e.g. Figure 5 ).
Step 1: Calculate midsection radius and beam radius using standard formulas for the desired operating mode.
Step 5: Optimize input taper section length L 1 and input smoothing length D 1 by calculating reflections of the RF modes from input section. These lengths should be set to obtain maximum reflection of the operating mode without mode conversion.
Step 6: Optimize output taper section length L 3 and output smoothing length D 2 to have maximum RF power transmission to the quasi-optical launcher without mode conversion.
is given by Equation 4. However, when more than one physical parameters are changed, the total influence on the cavity performance is not simply equal to the sum of the individual ones. As one can see from Table 7 , the midsection length L 2 has the largest impact on gyrotron performance. This justifies that it was the first parameter to address during the design procedure.
(4) 
Performance of the proposed cavity design
The detailed RF behavior of the proposed cavity is investigated to validate the physical design and find the most suitable operating parameters of the gyrotron. As discussed in Section 2, the mode TE -43, 15 (eigenvalue ≈ 103.2132) was selected as the operating mode. As it is of high order, its spectrum is quite dense (cf. Figure 1(a) ), therefore it is especially important to identify start-up conditions and operating parameters to excite this mode with good stability margin. The simulations were performed using the inhouse code packages CAVITY [23] and EURIDICE [25] .
Initially, the operating point was refined for the final cavity design (Table 5 ) by single-mode simulations. The main selection criteria for operation parameters were: more than 35% of interaction efficiency, high output power and stable RF output. For optimum operation of the designed cavity, an axial magnetic field of 9.165 T at the cavity center is required with a beam current and beam electron energy of 43 A and 61 keV, respectively. assuming a pitch factor α = 1.25. Instead of the typical S/m, an updated conductivity value of S/m was used for the cavity wall. This was done after more detailed considerations, which are described in Appendix 1.
As a next step, multi-mode, time-dependent, self-consistent simulations were performed to study the influence of the neighboring modes on the main mode operation. For a rigorous analysis, the 99 possibly relevant modes shown in Figure 1 (a) were considered for the start-up simulation. The beam energy was raised from 20 keV to 61 keV linearly in the start-up phase, while the pitch factor varied adiabatically and the beam current varied according to the temperature-limited regime of a diode-type magnetron injection gun (MIG). The parameters were kept constant at their nominal values to check the stability of the operating point. In Figure 6 , the start-up scenario considering an ideal electron beam (e.g. no velocity spread or radial width) is presented, as simulated by EURIDICE. Stable RF output of 960 kW with an interaction efficiency of 38 % has been achieved. As in usual gyrotron start-ups, modes having a high relative coupling (more than 0.8) and an operating frequency close to the design frequency (236 GHz, see Figure 1 (a)) are excited in the start-up (time variable from 0 to 3000).
Due to practical limitations of a MIG, it is not possible to generate an ideal electron beam without velocity spread and radial width. Therefore, it is important to check cavity performance with an electron beam with velocity spread and radial width, henceforth termed realistic beam. For the cavity design presented here, the individual effects of velocity spread and radial width on the gyrotron performance are discussed in detail in [26] . The result for a realistic electron beam (6% perpendicular velocity spread, λ/4 radial width) is presented in Figure 7 . In this case, stable RF-output has also been achieved, but with slightly lower output power of 920 kW and interaction efficiency of 36 %. During the simulation, the output power of all considered neighboring modes at the operating point remains at less than 0.1% of the operating mode power, which itself remains constant. This result indicates stable operation without spurious mode generation or mode loss. Figure 1(a) ) and an ideal electron beam. It is desirable to have stable main mode operation not only with the nominal operating parameters, but also within a certain range of the operating parameters. This will further ensure robust operation during actual experiments. In Figure 8 , the stability of the operation is shown with respect to the beam electron energy. The energy has been increased in steps of 0.1 keV from 61 keV until mode loss. From singlemode and multi-mode time-domain analyses by EURIDICE, it was verified that mode loss is only due the detuning and not because of mode competition [27] . With the suggested magnetic field of 9.165 T, the operating mode is stable up to the electron beam energy of 62.3 keV, i.e. there is a 1.3 keV margin with respect to the nominal beam energy. The stability margin of the tube operation can be extended by operating the gyrotron at higher magnetic field, which corresponds to lower detuning. Using a modified magnetic field of 9.177 T at the cavity center, a stability margin of up to 2 keV can be achieved. This, of course, comes at the expense of power and efficiency at the operating point, which are now reduced by 905 kW and 35%, respectively (see Figure 8(b) ). As discussed in Section 3, the cavity wall-loading is a major limiting factor for the output power of the DEMO gyrotron. If the ohmic loading limit of 2 kW/cm 2 was relaxed (i.e. if a more efficient cooling was used) than more power could be possible. This is illustrated in Table 8 , where the Operating parameters, output power and efficiency for the same cavity geometry and with ideal beam parameters, but with higher wall loading are listed.. The result confirms the approximate proportionality between output power and peak wall loading suggested by Equation 3 and motivates possible improvements of the cavity cooling capabilities. Multi-frequency, multi-purpose operation of the proposed cavity design has been also validated with realistic multi-mode simulations like those presented above. The operating parameters were optimized for all four suggested frequencies of 170 GHz/ 203 GHz/ 236 GHz and 269 GHz. The results are summarized in Table 9 . 
Conclusions
Physical design studies and analyses of DEMO-compatible advanced gyrotrons are under investigation at KIT. Gyrotrons having very high-order operating modes (eigenvalues > 100) are suggested to meet power and frequency requirements. Such modes can be selected according to multi-frequency operation and frequency tunability requirements. A generalized, systematic cavity design approach has been proposed and implemented for a TE 43,15 -mode cavity at 236 GHz to ensure optimal interaction section design. Based on this, optimum operating parameters of the gyrotron have been found considering design goals and most possible technical limitations. Using the EURICIDE code, time-domain selfconsistent simulations have been performed with 99 competing modes to verify cavity performance. Stable RF output of 920 kW could be achieved with interaction efficiency of 36%. With the suggested mode series, multi-frequency operation of the DEMO gyrotron has been estimated at 170 GHz / 203 GHz / 236 GHz and 269 GHz.
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